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ABSTRACT

Keywords:
Peri phyton
Fine sediment
Random forest
Traits-based

The diatom motility trait is widely used in bioassessment studies, however, there is no strong consensus as to
what environmental conditions diatom motility reflects. We used random forest models to explore the behavior
of several diatom-based motility indices and examined whether su-onger diatom motility-environmental relationships could be developed by controlling for environmental factors that influence natural sediment loads
and factors that co-occur with anthropogenic sediment loading. Across the study area, median values of most
stressors were low; streambed fine sediments ranged from 0 to 100% (median: 6. 7%) and total phosphorus
concenu-ations ranged from Oto 2587 µg L 1 (median: 17 µg L 1). Depending on the index, median abundance of
motile taxa ranged between 8 and 47%, and was highest in the plains ecoregion. Few sites were dominated by
motile taxa, with only 9 sites having a relative abtmdance of highly motile taxa > 50%. Refinement of the motility
trait did result in improved model perfonnance; the RF model developed for highly motile taxa had the lowest
RMSE (0.11) with environmental variables explaining 34. 9% of the variability in the index. Variables indicative
of streambed and water column sediments were not important predictors in the RF models for any motility index
and motility u-ait refinement did not improve the relationship between motility index and su·eambed fine sediments. Variables related to water quality (e.g., total phosphorus, conductivity), flow (e.g., nmoff, % of channel
as fast moving water), and watershed characteristics (e.g., watershed slope) were the most important environmental predictors for the RF models for all motility indices, while variables indicative of streambed and water
colunrn sediments had lower importance values. Su·atifying sites by ecoregion resulted in slight improvement of
model performar1ce for the mountain ecoregion (RMSE = 0.09) but did not result in stronger relationships between diatom-motility indices and insu·earn sediments. su·atifying sites by insu·eam total phosphorus concentrations also resulted in slight improvements in RF model performance (RMSE = 0.10), but did not result in
stronger relationships between diatom motility indices and instrean1 sediment conditions. Stratifying sites by
geomorphic features had no effect on how diatom motility indices responded to insu-eam sediments. Our results
show that the relationship between the diatom motility trait and fine sediment is complex. Strong relationships
between fine sediments and diatom motility may be difficult to detect in lar·ge-scale observational studies
covering complex landscapes with multiple interacting factors .

Bioassessment

1. Introduction

Sediment pollution is one of the most pressing issues facing stream
ecosystems, however there are currently no numerical water quality
criteria for fine sediments that establish thresholds for maintaining
biological integrity (e.g., USEPA, 1987; USEPA, 2006a; Reid and Quinn,
2011 ). Globally, anthropogenic activities have increased sediment
transport in rivers by an estimated 2.3 billion metric tons per year
compared to pre-human conditions (Syvitski et al., 2005). Within the

USA, 44% of river and stream miles were rated in fair or poor condition
for excess streambed sediments (USEPA, 2020) and turbidity, suspended
solids, sediment, and siltation are consistently listed as dominant
polluting factors in rivers and streams (Berry et al. , 2003). Excess suspended sediment increases turbidity, reducing light penetrating to the
stream bottom, while increased deposition of sediments alters the suitability of benthic habitats. Several studies have noted shifts in macroinvertebrate community structure and decreases in sensitive taxa with
increased sediments (e.g., Wood and Armitage, 1997; Relyea et al. ,
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2011; Mathers et al., 2017; Doretto et al., 2021 ). Increased water column
fine sediment can damage fish gills (Redding and Schreck, 1982), reduce
fish feeding and growth (Redding et al., 1987; Shaw and Richardson,
2001 ), and disrupt salmonid smolting (Suttle et al., 2004), while
increased streambed fine sediment degrades salmonid spawning and egg
survival (Bjornn and Reiser, 1991 ). Despite knowledge of the myriad
negative impacts of fine sediments, environn1ental managers struggle to
accurately characterize fine sediment pollution in streams for a variety
of reasons. First, fine sediments are derived from both natural (e.g.,
bedrock erosion) and anthropogenic (e.g., agriculture) sources, making
the separation of human impacts from natural events difficult to parse.
Second, sediment deposition from fl ood events varies both spatially and
temporally, making quantification of sediments in streams illusive
(Trimble, 1999; Pitlick and Wilcock, 2001; Sutherland et al., 2010).
Biotic sediment indices have been proposed as an improvement over
one-time sediment characterization as the biota integrates stream conditions over time and space (Murphy et al., 2015; Hubler et al., 2016,
Doretto et al., 2021, McKenzie et al., 2022). One such index that has
been used with frequency is the diatom motility index (Bahls, 1993;
Tyree et al., 2020).
Some of the first notions of diatom motility came from observations
of tidal flats, where the sediment surface takes on a golden-brown hue at
low tide due to the upward movement of diatom cells. Diurnal migration
of tidal flat diatom species as a positive response to light was first
documented in laboratory settings (Hopkins, 1966; Hopkins and Drum,
1966; Round and Eaton, 1966; Round and Happey, 1965; Palmer and
Round, 1967) and in the field for certain diatom species (Harper, 1976).
Despite documented diatom movement in response to various environmental gradients, there is currently no consensus as to the cellular
mechanism responsible for diatom movement. Suggested mechanisms
include gliding over surfaces by attachment of mucopolysaccharide
strands secreted from the raphe or movement of these strands along the
raphe to propel the cell (Edgar and Pickett-Heaps, 1984; Hoagland et al.,
1993; Cohn, 2001; Jones et al., 2014). There is, however, agreement that
diatom motility is associated with the raphe. Thus, the presence of a
raphe on the diatom cell is a trait that would confer an advantage in the
spatially and temporally fluctuating environment of the benthic biofilm.
In particular, because motility enables diatoms to remain in the light
environment allowing them to avoid the negative consequence of sedi ment burial, it has been hypothesized that diatom motility confers an
advantage in high-sediment environments. Beyond lab and field mesocosm studies, diatom motility as a functional trait has been used in large
scale bioassessment studies. However, there is no consensus as to what
environmental conditions diatom motility reflects, particularly with
respect to fine sediment. For example, several studies have demonstrated strong relationships between diatom motility indices and phosphorus and no relationships with sediments (Black et al., 2011; Jones
et al., 2017). Svensson et al. (2014) found a higher percentage of motile
taxa at sites with warmer temperatures. Other studies have documented
relationships between motility indices and multiple stressors, with
variables such as nutrients and flow being stronger predictors than
sediments (Fore and Grafe, 2002; Porter et al., 2008; Stevenson et al.,
2008; Munn et al., 2018; Waite et al., 2019). Unimodal relationships
between fine sediments and motile taxa abundance have been documented (Lange et al., 2016). Still, others have observed declines in
motility rate at sites impacted by heavy metal or agricultural exudates
(Pandey and Bergey, 2016; Gelis et al., 2020). Thus, the question remains, does diatom-motility reflect fine sediment condition in streams?
To answer this question, we used random forest models to explore
the behavior of several diatom-based motility indices across a complex
landscape with multiple interacting factors. We examined whether
stronger diatom motility-environmental relationships could be developed for streams in the western USA by controlling for environmental
factors that influence natural sediment loads to rivers (e.g., geology,
climate) and factors that co-occur with anthropogenic sediment loading
(e.g., disturbed land use, nutrients). As a first step, we considered

watershed geology. Streams vary naturally in their amount of sediments
due to underlying bedrock composition and erodibility (Close and
Davies-Colley, 1990; Johnson et al., 1997). The western USA has complex geology, with over 150 different lithologies (Soller et al., 2009;
Ludington et al., 2007; Stoeser et al., 2007) and while erodibility is
based on factors beyond rock type (e.g., climate), volcanic rocks in the
western USA are generally less erodible compared to siliciclastic sedimentary and unconsolidated sediments in this region (Moosdorf et al.,
2018). Stream diatom composition has been shown to be influenced by
geology (Stevenson, 1997; Leland, 1995; Leland and Porter, 2000),
attributable to both differences in mineral composition and erodibility.
As a second step, we considered ecoregional differences. The western
USA is divided into three major ecoregions; areas of similar climate,
ecosystems, environmental resources, and human activity, that are often
used as a framework for bioassessment (Omernik, 1987; 1995; McMahon et al., 2001; Omernik and Griffith, 2014). Land use varies by region,
with the plains ecoregion having higher agricultural disturbances and
the xeric and mountainous west having higher levels of livestock grazing
and deforestation. These differences may mask patterns in sediments
contributed from disturbance when data from the entire western USA
are considered together. Stratifying by ecoregion may result in improved
performance of biotic-based indices (Paulsen et al., 2006; Potapova and
Charles, 2007; Tang et al., 2016), although this has not always been the
case (Hawkins and Vinson, 2000; McDonald et al., 2005). As a third step,
we considered water column phosphorus, which tends to increase
concurrently with fine sediments in streams subject to higher levels of
anthropogenic disturbance. Within the benthic biofilm, the motility trait
may confer an advantage to nutrients as it allows diatoms to exploit
nutrient microgradients. Higher abundance of motile taxa has been
observed with increasing nutrient availability (Passy, 2007) and diatom
motility indices often respond to stressors beyond sediments, particularly total phosphorus (Porter et al., 2008; Black et al., 2011 ; Lange
et al., 2016; Jones et al., 2017; Munn et al., 2018). As a final step, we
controlled for geomorphic factors, such as watershed size, watershed
slope, and stream size, that may influence erosion and sediment delivery. By controlling for natural and anthropogenic sources of variability in fine sediment loads, we aim to determine if diatom motility can
be used in traits-based biological assessment of fine sediments in stream
ecosystems.
2. Methods

2.1. Study area

Data collected as part of the USEPA Western Environmental Monitoring and Assessment Program (WEMAP; Stoddard, 2006) were used in
this study. Streams from 12 western USA states, covering three climatic
regions, mountain (MT), xeric (XE), and plains (PL: Omernik, 1987;
USEPA, 2006b) were sampled (Fig. 1). The MT ecoregion covers
- 1,030,380 km 2 and is characterized by extensive mountains ranges
(Cascade, Sierra Nevada, Pacific Coast range, Gila Mountains, Bitterroot,
and Rocky Mountains) and plateaus. Mean annual temperatures range
from O c to 12.8 °c, and annual precipitation ranges from 40.6 to 609.6
ems. Approximately 75% of the area is federal land and streams drain
dense forested catchments with mainly nutrient poor soils. The XE
ecoregion covers - 1,648,742 kn1 2, covering portions of 11 states.
Approximately 71 % of the area is federal land. The topography of this
region is a mix of plains with hills and low mountains, high-relief tablelands, piedmont, high mountains, and intermountain basins and
valleys. Mean annual temperatures range from O °C to 23.9 °C, and
annual precipitation ranges from 5.1 to 101.6 ems. Larger rivers within
this ecoregion flow all year while many smaller streams are mostly
seasonal. The PL ecoregion covers - 531,165 km 2, covering five states.
The topography of this regions consists of irregular plains with tablelands and low hills. Mean annual temperatures range from 2.2 °C to
7.8 °c, annual precipitation ranges from 25.4 to 63.5 ems, and the area
0
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Fig. 1. Sampling site locations (n = 739). Sites were sampled as part of the USEPA Environmental Monitoring and Assessment Program western pilot study in

2002-2003. Streams from 12 western USA states, coveling three climatic regions, mountain (MT), xeric (XE), and plains (PL) were sampled.
on microscope slides (Patrick and Reimer, 1966). Slides were scanned
along transects by a single analyst at lOOOx magnification tmtil -600
diatom valves were enumerated and identified to the lowest taxonomic
level possible (mainly species level). The primary references for diatom
taxonomy were Kran1er and Lange-Bertalot (1986), Kramer and LangeBertalot (1988), Kramer and Lange-Bertalot (1991a), Kramer and
Lange-Bertalot (1991 b), Kramer and Lange-Bertalot (2000) and Patrick
and Reimer (1966, 1975).
Watershed boundaries of the samples sites were delineated on
1:24,000-scale US Geologic Survey (USGS) topographic maps and digitized into a geographic information system. Stream order was determined from 1:100,000-scale USGS digital hydrography (Strahler, 1952).
Watershed conditions, including watershed area, stream order, mean
slope, mean annual temperature and precipitation, elevation, latitude,
longitude, and land use attributes, were characterized from the USGS
1992 National Land Cover Dataset, USGS runoff contour maps, and the
1994 paran1eter-elevation regression on independent slopes model
(PRISM) precipitation and air temperature database (http://www.pris
m.oregonstate.edu/ ). Surficial geology was characterized from the
USGS map database for surficial materials (Soller et al., 2009). All volcanic surficial geologies were grouped into the "volcanic" class, while all
other geologies were grouped into the "non-volcanic" class.
We selected a subset of 15 enviromuental variables within five
stressor categories (Table 1): streambed and instream sediments(% fine
sediments, total suspended solids (TSS), streambed erodibility
(LRBS_TST)), water chemistry (conductivity (COND), silica (SI02), pH,
total phosphorus (TP), total nitrogen (TN)), streamflow (% fast moving
stream water (FAST), long-term runoff (RUNOFF)), watershed characteristics (mean slope (SLOPE), mean elevation (ELEV), area (WSAREA)),
and disturbance (% watershed as disturbed land use (DIST), riparian
disturbance index (Wl_HALL)). The riparian disturbance index is a
measure of human disturbance that tallies 11 specific forms of human
activities and disturbances (walls, dikes, revetments or dams; buildings;
pavement or cleared lots; roads or railroads; influent or effluent pipes;
landfills or trash; parks or lawns; row crop agriculture; pasture or rangeland; logging; and mining) at 22 separate locations along the stream
reach, and weights them according to how close to the channel they are

can be subject to intense frosts and droughts. This ecoregion is almost
entirely within the Missouri River watershed and much of this ecoregion
is impacted by agricultural land use. Candidate streams for the WEMAP
survey were selected using a spatially balanced probabilistic sampling
design (Herlihy et al., 2000; Stevens and Olsen, 2004) from digitized
versions of 1:100,000-scale US Geological Survey (USGS) topographic
maps. WEMAP sites spanned 1st-order streams to 8th-order rivers
(Strahler, 1952), however we included only 1st- to 3rd- order streams in
our analysis.
2.2. Periphyton, water chemistry, and physical habitat characterization

Benthic algae, water chemistry, instream habitat, and riparian
habitat were characterized between May through October 2000 - 2003
according to the USEPA protocol for wadeable streams (Peck et al.,
2006). A study reach, with a total length equal to 40x the average wetted
channel width, was centered around each sampling site. Each study
reach was divided into 10 intervals of equal length, and 11 crosssectional transects (including transects at the start and end of each
reach) were established. Water samples were taken near the middle of
the stream in flowing water and analyzed for pH, total nitrogen, total
phosphorus, dissolved organic and inorganic carbon, and major base
cations and anions. Detailed information on the analytical procedures
used for each analysis can be found in USEPA (1987) . Characterization
of instream habitat included systematic spatial sampling of channel dimensions, gradient, substrate size and type, habitat complexity and
cover, riparian vegetation cover and structure, anthropogenic alterations, cha1mel-riparian interactions, and stream discharge (Kaufmann
et al., 1999; Peck et al., 2006). Periphyton samples were collected at
each of the 11 transects from either the left, center, or right areas of the
transect by either scraping cobbles (coarse substrates) or collecting
deposited sediment (depositional habitats). Samples from all habitats
and substrates within a reach were combined into one composite sample
and preserved with 37% formalin (Weilhoefer and Pan, 2007; Stevenson
et al., 2008).
An aliquot of homogenized algal suspension was used for identification of diatoms. Diatom samples were digested in acid and mounted
3
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2. 3. Motility indices

Table 1
Environmental vaiiables used in random forest models (from Kaufmann et al.,
1999; Peck et al., 2006).
Stressor

Stressor

Stressor Definition and Methodology

FINES

Percent substrate as fine sediment(%): Substrate size

TSS

is visually evaluated at 5 points at each of 11
transects within the study reach (0, 25, 50, 75, 100%
of the measured wetted width). Calculated as the
percent of particles ::;0.06 mm.
Total suspended solids (mg L- t ), Water sample

We calculated four different motility index values for each site using
indices that incorporate taxa with differing amounts of motility (Supplemental Material Table 1). Motility indices were calculated as the sum
of the relative abundance of motile taxa at a site. The % biraphid index
included all taxa with a raphe on each valve regardless of whether the
raphe system is reduced (e.g., Ewwtia). Bahls' motility index included all
taxa in the genera NavicuLa sensu Lato, NitlSchia sensu Lato, Surirella,
Hantzschia, and Cylindrotheca (Bahls, 1993). The index of% NavicuLa and
% Nitzschia included all NavicuLa sensu lato taxa (e.g., Adlafi.a, Bire111is,
Cavinula, Cha111aepi11nularia, Craticula, Diades111us, Fallacia, Geissleria,
Hippodonta, KobayasieLla, Luticola, Maya111aea, Microcostatus, Navicula,
Parlibellus, Placoneis, Sellaplwra) and all NitlSchia sensu lato taxa (e.g.,
Nitzschia, Psa111111odictyo1~ Si111011se11ia, Tryblionella). The% highly motile
index consisted of taxa classified as "highly motile" (Tyree et al., 2020;
Spaulding et al., 2022). Taxa included in this index possess a complex
raphe system and are larger in size or the raphe is positioned in a raised
keel (e.g., Surirella, Stenopterobia).

Group
Sediment

collected at 0.5-m depth at one mid-channel location
at the mid-reach transect for laboratory

LRBS_TST

determination of TSS.
Logl0 Relative Bed Stability: Calculated from field
substrate size estimates as the obseived mean
substrate diameter divided by the erodible substrate
diameter.

Water

COND

Chemistry

Conductivity (µSJ: Measured at 0.5-m depth at one
mid-channel location at the mid-reach transect using
in-situ water quality probe.

SIO2

Silicon dioxide (mg L- 1 ): Water sample collected at
0.5-m depth at one mid-channel location at the mid-

pH

TP

TN

Streamflow

FAST

RUNOFF
Watershed

SLOPE

ELEV

Disturbance

DIST
Wl_HALL

2.4. Data analyses

reach transect for laboratory determination of S102.
pH: Measured at 0.5-m depth at one mid-channel
location at the mid-reach transect using in-situ water
quality probe.
Total phosphorus (µg L- 1 ): Water sample collected at
0.5-m depth at one mid-channel location at the midreach transect for laboratory determination of TP.
Total nitrogen (µg L- 1 ): Water sample collected at
0.5-m depth at one mid-channel location at the midreach transect for laboratory determination of TN.
Percent fast moving water (%): Habitat type is
measured at 10-15 equally spaced intervals between
each of 11 channel cross-sections (100-150 along
entire reach). Calculated as the sum of the % (falls +
cascades + rapids + riffles).
Annual runoff (m): Estimated from USGS runoff
contour maps.
Mean watershed slope (%): Mean percent slope
within the watershed calculated using the National
Elevation Dataset (30 m resolution) and the National
Hydrography Dataset Plus.
Mean watershed elevation (m): Mean elevation
within the watershed calculated using the National
Elevation Dataset (30 m resolution) and the National
Hydrography Dataset Plus.
Disturbance total(%): The sum of o/o (urban +
agriculture + mines) land use within the watershed.
Proximity-weighted index of riparian human
disturbance: The presence and proximity of 11
predefined types of human land use based on 22
separate visual observations at both the right and left
sides of the channel at 11 transect locations.
Observations are specified in three proximity
categories and the index is calculated as a proximityweighted sum.

Differences in environmental variables and motility indices among
ecoregions were explored with one-way analysis of variance CANOVA)
or Kruskal tests and significant results (a = 0.05) were compared with
pair-wise tests. When the assumptions of ANOVA were not met (e.g.,
normality, equal variance), the data were transformed, and if this did
not help meet ANOVA assumptions, Kruskal tests were used. Differences
in environmental variables and motility indices among watershed geologies were explored using Welch' s t-test for unequal variances (a =
0.05).
We used random forests regression (RF) to model the relationships
between diatom indices and environmental variables (Supplementary
Material Fig. 1). RF has been proposed and used to model complex, nonlinear relationships (Cutler et al., 2007; Strobl et al., 2008). In RF, the
original data are repeatedly randomly sampled with replacement to
create bootstrapped samples and each bootstrapped sample is then used
to fit a full regression tree model. In fitting each regression tree model, a
subset of predictors is randomly selected for each recursive partitioning,
which ensures that the regression tree models are not highly correlated.
The final RF model's prediction is based on aggregation of each individual model's prediction, which effectively reduces tl1e variance of a
prediction. In this study, we used a stratified random sampling method
to randomly partition the dataset into two subsets (80% for training and
20% for testing) with the proportion of sites in each ecoregion being
held constant between the full dataset and the training and test datasets.
We developed the RF model using the training subset and tested its
predictive error using tl1e testing subset. The predictive error was estimated using root mean square error (RMSE). RF model residuals were
examined for spatial autocorrelation using Moran's I index and no
model was deemed to have significant spatial autocorrelation (Moran's I
p-values all > 0.10).
To aid ecological interpretation of the RF models, we used pseudo-R 2
to assess the overall strength of the relationships between diatom indices
and environmental variables in the RF model. To better understand the
relationships between diatom indices and key environmental drivers, we
first used a variable importance plot to rank the importance of each
predictor in the model (Cutler et al., 2007). Based on rank, we selected
top predictors, as well as sediment-related variables (if they didn't rank
high in importance) to examine the marginal effect of each predictor on
diatom indices in the model using partial dependence plots (Cutler et al.,
2007).
To parse out the effects that various environmental variables might
have on background sediment loads and sediment delivery (e.g.,
bedrock erodibility, regional land use disturbances, watershed and
stream size), we ran a series of iterative RF models (Supplementary

observed (Kaufmann et al., 1999; USEPA, 2020). Environmental variables were selected that were representative of important drivers of
periphyton community structure and uncorrelated at r < 0.8. Correlated
predictor variables can bias importance estimates of predictors in
random forest models (Strobl et al., 2008). Of note in this dataset, nutrients (e.g., total nitrogen, total phosphorus) were not highly correlated
to fine sediments (r < 0.3, in both cases). Our candidate site pool
included sites with 2: 500 diatom valves enumerated. If streams were
sampled more than once, we only included the first site visit. Only
streams with a complete dataset for the 15 environmental variables were
used in statistical modeling, resulting in 739 streams used for model
development.
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Material Fig. 2): 1) full dataset (n = 739), 2) si tes classified by ecoregion
(MT = 504 sites, PL = 81 sites, XE = 154 sites), 3) sites classified by
dominant watershed surficial geology (volcanic = 183 sites, non-volcanic = 556 sites), 4) streams with small to mid-sized watersheds
(watershed area :S500 km 2; n = 691, 5) streams with small to mid-sized
watersheds and moderate slopes (slopes :S20%; n = 480), and 6) streams
with small to mid-sized watersheds, moderate slopes, and width to depth
ratios :S20 (n = 299). In addition, to control for the effects of background instream total phosphorus concentrations on the response of
motility indices, RF models were developed for sites with total phosphorus :S30 µg/ L (n = 478). This cutoff was based on suggested stream
water quality criteria (Dodds and Welch, 2000).
To examine the relationship between individual diatom taxa and
environmental variables, we fitted a RF model for each taxon classified
as highly motile (n = 70 taxa). We used pseudo-R 2 of individual taxonbased models to identify a set of taxa which are strongly related to
environmental variables and used variable importance plots and partial
dependence plots to examine the marginal effect of each predictor on
taxon relative abundance in the model (Cutler et al., 2007).
All data analyses were done in R version 4.2.0 "Vigorous

Calistl1enics" (R Development Core Team, 2008). The 'caret' package
(Kuhn, 2008) was used for random stratified sampling and 'randomForest' package (Liaw and Wiener, 2002) was used for fitting the RF
model. The RF models for each individual taxon were fitted using the
'gradientForest' package (Ellis et al., 2012).
3. Results
3.1. E11viro11111e11tal characteristics

Streams varied widely in size and environmental characteristics
(Fig. 2). Stream width ranged between 0.2 and 185 m (median: 3.5 m)
and depth ranged between 1.5 and 487.5 cm (median: 25.2 cm). Midstream canopy coverage ranged between O and 100% (median: 64%).
Watershed size ranged from 0.2 to 64,076 km 2 (median: 28.1 km 2 ).
Across the study area, median values of most stressors were low; however, stressors spanned a sufficient gradient to examine index response
across environmental gradients. Strean1bed fine sediments ranged from
Oto 100% (median: 6.7%) and suspended solids ranged from Oto 422.5
mg L- l (median 2.4 mg L- 1). Most streams could be considered to have
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low total phosphorus concentrations (Dodds et al., 2003); median: 17 µg
L- l (range: O - 2587 µg L- 1). Total nitrogen concentrations were higher
(Dodds et al., 2003), ranging from 15 to 89750 µg L- l (median: 144 µg
L- 1 ). The watersheds of most sites were minimally disturbed, with DIST
ranging from O to 99% (median: 6.1 %). Riparian disturbance index
ranged between O and 5.9 (median: 0.7).
Stressors varied at an ecoregional scale (Fig. 2). Median fine sediment was 3.8% for MT streams, 16.0% for XE streams, and 44.3% for PL
streams. Streams in the MT ecoregion had the lowest strean1bed fine
sediments and streams in the PL had the highest fine sediments (K-W H2
= 149.8, p < 0.001). Median total suspended solids were 1.6 mg L- 1 for
MT streams, 4.5 mg L- 1 for XE streams, and 9.7 mg L- l for PL streams,
and were lowest in the MT and highest in the PL (K-W H2 = 134.2, p <
0.001). Total phosphorus concentrations were lowest in the MT ecoregion (median TP: 12.0 µg L- 1 ) and highest in the PL (median TP: 86.8
µg L- 1; ANOVA2,736F = 83.7, p < 0.001). The watersheds of sites in the
MT ecoregion had the lowest amounts of disturbance (median DIST:
0%), while many streams in the PL had significant amounts of watershed
disturbance (median DIST: 29.8%; K-W H2 203.6, p < 0.001).
Certain stressors varied with watershed surficial geology. Instream
TP concentrations were higher in volcanic streams (median: 27.4 µg L- 1;
t-test t440.ss = -3.77, p < 0.001) compared to non-volcanic streams
(median: 13.0 µg L- 1 ) and the range in TP concentrations was much
greater in non-volcanic streams. Instream TN concentrations were
higher in non-volcanic streams (median: 146.0 µg L- 1; t-test t = 3.15, p
= 0.002) compared to volcanic streams (median: 140.0 µg L- 1 ). Fine
sediments were slightly higher in volcanic streams (median: 8.6%)
compared to non-volcanic si tes (median: 5.7%). Watershed disturbance
(DISTOT) was higher in non-volcanic streams compared to volcanic
streams Ct-test t 58 1.ss = 4.61, p < 0.001).

cryptote11ella, Plmwthidium freque11tissimum, Reimera si11uta, Amphora
pediculus, Fragilaria vaucheriae, Nitzschia dissipata), only N. dissipata is
classified as highly-motile and only N. cryptotenella and N. dissipata are
classified as motile based on Bahls' motility index. Depending on the
index, median abundance of motile taxa ranged between 8 and 47%
(Fig. 3). Few sites were dominated by motile taxa, with only 9 sites
having relative abundance of highly motile taxa > 50% and 69 sites
having relative abundance of Bahls' motile taxa > 50%. The median
values of all motility indices were highest in the PL, followed by XE, then
the MTecoregion (Fig. 3). For highly motile (K-W H2 = 75.1 , p < 0.001),
Bahls' index (K-W H2 = 80.0, p < 0.001), and Nitzschia + Navicula (K-W
H2 = 77.7, p < 0.001), indices were lowest in the MT and highest in tlle
PL ecoregion. For the biraphid index, MT sites had lower indices than PL
and XE sites (K-W H2 = 42.0, p < 0.001).
3. 3. Does the diatom motility trait reflect fine sediment condition in
streams?
Variables indicative of stream bed and water column sediments were
not important predictors in the RF models for any motility index (Fig. 4).
The RF model developed for highly motile taxa had the lowest RMSE
(0.11) of all motility indices, with environmental variables explaining
34.9% of the variability in the index (Table 2). However, variables
indicative of stream bed and water column sediments were not important
predictors in tl1e model. Of the fifteen predictor variables used in the
model, % fine sediment ranked 13th, substrate erodibility ranked 8th,
and TSS ranked 11th as model predictors (Fig. 4). Refinement of the
diatom motility index did improve model performance, to an extent. The
highly motile index, based on the most restrictive definition of motility,
was the best performing index, while indices that defined motility more
broadly performed more poorly (RMSE % Navicula + Nitzschia = 0.14;
RMSE Bahls' index = 0.14; RMSE Biraphid index = 0.19, Table 2).
However, motility trait refinement did not improve the relationship
between motility index and streambed fine sediments, with variables
indicative of stream bed and instream sediments not occurring as top five
predictors in any model (Fig. 4).

3.2. Motility i11dices
A total of 990 diatom taxa were identified from the sites. Of the ten
most commonly occurring taxa (Aclma11thidiw11 mi11utissimw11, Cocconeis
place11t1.1la, Rlwicosphe11ia abbreviata, Pla11othidiw11 la11ceolat1.1m, Navicula
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(Supplemental Material Fig. 3).
3.3.2 Can stronger diatom motility-sediment relationships be
developed in regions of similar climates and disturbance regimes? MT
(n = 504) and XE (n = 154) regions had enough sites to develop RF
models, and grouping sites by ecoregion slightly improved model performance for the MT ecoregion (RMSE = 0.09; Table 2). However,
ecoregion grouping did not result in stronger relationships between
diatom-motility indices and instream sediments. For RF models developed for the MT ecoregion sites, environmental variables explained
32.1 % of the variability in the highly motile index, with water chemistry
variables (TP, SI02) and flow (RUNOFF) as the most important predictors (Fig. 4). RF models developed for XE sites performed slightly
worse (RMSE = 0.13) thai1 models developed for all sites or for MT sites
and explained a smaller fraction of the variability in the highly motile
index (23.5%). Watershed slope was the most important predictor and
water quality variables (SI02, COND, TP) were also important predictors (Fig. 4).
3.3.3 Is the diatom motility-sediment relationship stronger when the
effects of phosphorus have been controlled? Stratifying sites by TP
resulted in slight improvements in RF model performance (RMSE =
0.10; Table 2), but did result in stronger relationships between diatom
motility indices and instream sediment conditions. Environmental variables explained similar amounts of variability for the RF model developed for low TP sites (33.8%) as those developed for the entire dataset

3.3.1 What environmental conditions does diatom motility reflect?
Variables related to water quality, flow, and watershed characteristics
were the most important environmental predictors for RF models for all
motility indices, while variables indicative of streambed and water
column sediments had lower importance values (Fig. 4). TP was the 1st
or 2nd most important predictor for all motility indices and specific
conductivity (COND) was in the top four predictors of all models.
Streamflow variables (RUNOFF, FAST) and watershed slope were also
important predictors in all models. Because all RF models responded
similarly to environmental variables, we selected the best performing
motility index, % highly motile taxa, for further analysis. For the highly
motile index, TP was the most important predictor, followed by other
water quality variables (SI02, COND), flow (FAST), and watershed slope
(SLOPE). While this model had higher predictive power (RMSE = 0.11),
it tended to under predict at high index values (> 40%). Modeled %
highly motile taxa increased with TP, SI02, and COND (Supplemental
Material Fig. 3). Modeled % highly motile taxa increased sharply with
TP concentrations up to - 200 µg L- 1 after which predicted values
increased more gradually (Supplemental Material Fig. 3). In contrast,
modeled % highly motile taxa decreased with watershed slope and had a
complex relationship with runoff (Supplemental Material Fig. 3). While
% fine sediment was not selected as one of the most important predictor
variables in the RF model, predicted values of % highly motile taxa
increased gradually across the entire measured sediment gradient
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::;soo km - 2 and watershed slope < 20%, subset by watershed geology
(volcanic n = 137; non-volcanic geologies n = 343). This group had
higher median fine sediments (10.5%) than when all sites were
considered, and volcanic sites had higher fine sediments (median =
12.2%) compared to non-volcanic sites (median = 9.5%; Fig. 6). RF
models for volcanic sites performed better (RMSE = 0.09) mat nonvolcanic sites (RMSE = 0.12). For volcanic sites, variables related to
water chemistry and flow were the most important predictors, with
streambed fine sediment being the 5th most important predictor in this
model (Fig. 5). For non-volcanic sites, water chemistry, flow, and
watershed slope variables were important predictors (Fig. 5). Predicted
% highly motile taxa increased with TP, but showed a more complicated
relationship with % fine sediment (Supplemental Material Fig. 4).
3.4.4 Stream width to depth ratio: Excluding wide, shallow streams
had no effect on how diatom motility indices responded to instream
sediments (Table 2; Fig. 5). RF models were run on 299 sites with stream
width to depth ratios < 20, subset by watershed geology (volcanic n =
82; non-volcanic n = 217). This group had higher median fine sediments
(15.2%) than when all sites were considered, and volcanic sites had
higher fine sediments (median = 16.42%) compared to non-volcanic
sites (median = 14.3%; Fig. 6). There were not enough sites with volcanic geologies to develop an RF model with strong predictive power.
Important environmental predictors in the RF model for non-volcanic
sites included runoff, water chemistry variables (COND, SIO2, TP),
and watershed slope. Again, measures of streambed and instream sediment were not important predictors. Predicted % highly motile taxa
increased with TP but showed a more complicated relationship with %
fine sediment (Supplemental Material Fig. 4).

Table 2
Summary of the Random forest (RF) model outputs for diatom motility indices.
RF models were 11111 on different motility indices using the full dataset. RF
models for % highly motile taxa were run for the dataset subset by dominant
watershed surficial geology, ecoregion, total phosphorus, and watershed and
su-eam geomorphic characteristics. MSR: mean squared residuals, CV R2 : crossvalidated R2, RMSE: root mean squared e1Tor.
MSR

CV-R2

RMSE

0.009
0.019
0.020
0.030

34.9
42.4
40.2
33.4

0.11
0.14
0.14
0.19

O.Dll
0.007

36.5
23.6

0.09
0.10

0.007
0.019

32.1
23.5

0.09
0.13

0.007

33.8

0.10

0.010
0.011
0.008
0.01 2
0.013
0.008
0.010
0.009

30.4
36.5
22.3
28.1
33.7
19.2
21.2
27.2

0.09
0.11
0.09
0.12
0.12
0.09
0.08
0.13

=

All sites (n
739):
% Highly motile taxa
% Navicula + Nit:t.schia
% Bahls' taxa
% Biraphid taxa
Geology:
Non- volcanic (n = 556)
Volcanic (n = 183)
Ecoregion:
MT (n = 504)
XE (n = 154)
Nutrients:
TP < 30 µg/L (n = 478)
Watershed and stream characteristics:
Watershed area < 500 km 2 - all sites (n = 691)
Watershed area < 500 km 2 - non-volcanic (n = 512)
Watershed area < 500 km 2 - volcanic (n = 179)
Watershed slope < 20% - all sites (n = 480)
Watershed slope < 20% - non-volcanic (n = 343)
Watershed slope < 20% - volcanic (n = 137)
Width to depth ratio < 20 - all sites (n = 299)
Width to depth ratio < 20 - non-volcanic (n = 217)

(Table 2). Water chemistry variables (COND, TP, pH) and flow variables
(FAST, RUNOFF) were the most important predictors in the RF model
(Fig. 4).

3. 5. Do common motile taxa respond to streambed fine sediments?

Positive RF models (positive R2 ) were developed for only 22 of 70
highly motile taxa. As wim RF models developed for motility indices, me
interactive effects of sediments and nutrients could not be separated in
the RF models for individual taxa. There were six taxa with RF model R2
> 0.05; and three of these taxa had streambed fine sediments as an
important stressor variable in their individual RF model, displaying
increased abundance with higher streambed fine sediment (Table 3;
Fig. 7). These three taxa and two additional taxa had one or both nutrients (TN, TP) as important predictor variables in their individual
models. These taxa had positive responses to nutrients (eitl1er TP or TN).
Of the 6 taxa with RF model R2 > 0.05, all of them could be classified as
having varying degrees of pollution tolerance (Lange-Bertalot, 1979)
and all were classified as high-phosphorus and high-nitrogen taxa
(Potapova and Charles, 2007).

3.4. Can stronger diatom motility-sediment relationships be detected when
natural factors contributing to sedimentation are controlled for?

3.4.1 Watershed erodibility: Grouping sites by erodibility of watershed geologies had a minimal effect on how diatom motility indices
responded to instream sediments (Table 2; Fig. 5). For volcanic sites,
total suspended solids were among the three most important predictors
for the RF models for % highly motile taxa. However, water quality
variables, TP and pH, were still the most important predictor variables in
these models. In contrast, for RF models developed for sites with more
erodible watersheds, variables indicative of streambed and water colmun sediments were not important predictors. Again, water quality
variables (TP, COND, SIO2) and watershed slope were the most
important predictors in these RF models. Predicted % highly motile taxa
increased with TP in both volcanic and non-volcanic sites, while the
relationship with% fine sediment was positive in non-volcanic sites and
more complicated in volcanic sites (Supplemental Material Fig. 4).
3.4.2 Watershed size: Including only sites with smaller watersheds
had no effect on how diatom motility indices responded to instream
sediments (Table 2; Fig. 5). RF models were run on 691 sites with
watershed area ::;soo km - 2, subset by watershed geology (volcanic n =
179; non-volcanic geologies n = 512). Volcanic sites had slightly higher
fine sediments (median = 8.6%) compared to non-volcanic sites (median = 5.5%; Fig. 6) but RF models performed similarly (volcanic RMSE
= 0.09; non-volcanic RMSE = 0.11). Water quality variables (TP, pH,
COND) were important predictors for volcanic sites, while both water
quality (COND, TP) and watershed slope were important predictors in
non-volcanic sites (Fig. 5). Again, streambed and instream sediment
variables were not in the top five important predictors for either model.
Predicted % highly motile taxa increased with botl1 TP and % fines for
both watershed geologies (Supplemental Material Fig. 4).
3.4.3 Watershed Slope: Excluding high gradient streams had little
effect on how diatom motility indices responded to instrean1 sediments
(Table 2; Fig. 5). RF models were run on 480 sites with watershed area

4. Discussion

Many bioassessment programs have adopted a traits-based approach
where rather than examining how the abundance of individual taxa
change in response to environmental stressors, the response of groups of
taxa with similar form or function is examined (Stevenson et al., 2008;
Lange et al., 2016; Loewen et al., 2021 ). The diatom motility trait is
commonly used in biotic-based stream assessment (e.g., Hill et al., 2001;
Fore and Grafe, 2002; Porter et al., 2008; Waite et al., 2019). Despite its
widespread use, there is a lack of consensus as to what environmental
conditions diatom motility reflects. In this stt1dy, fine sediment was not
an important predictor in the RF model of any diatom motility index,
even when controlling for variables that influence background sediment
levels (e.g., climate, geology), sediment delivery (e.g., watershed size
and slope, stream size), or other environmental factors which may influence diatom movement (e.g., nutrients). Water quality variables,
particularly TP, were the most important predictors in the RF models of
all motility indices, followed by flow and watershed characteristic variables, indicating that diatoms may move in response to environmental
factors beyond sediments. Despite diatom motility commonly being
8
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Fig. 5. Variable importance plots for a series of random forest models (RF) for % highly motile taxa. RF models were developed to filter sites by variables
contributing to natural sediment loads. RF models were developed for all sites together (n = 739) and sites separated into volcanic (n = 183) and non-volcanic
watersheds (n = 566), for sites with watershed areas < 500 km 2 (WS < 500 km2 ) , for sites with watershed slopes < 20% (Slope < 20%), and for sites with mean
channel width to depth ratio < 20 (XWD_RAT < 20) separated by dominant watershed surficial geology. Predictor variables grouped by stressor categmy (see Table 1
for descriptions of environmental variables).

Mclachlan et al., 2009). It follows that motility would also enable
diatom cells to take advantage of chemical microhabitats within the
benthic biofilm and movement in response to dissolved silica (Gutierrez.
Medina et al., 2014; Bondoc et al., 2016; Hu et al., 2020) and dissolved
phosphorus (Bondoc et al., 2018) gradients have been detected. Diatom

used to indicate stream sediments, our results were not surprising as
diatom motility has been documented in response to a variety of environmental factors. For example, vertical migration of pennate diatoms in
response to light is commonplace within the biofilm (Cohn and Diparti,
1994; Cohn, 2001; Ser6dio et al., 2006; Longphuirt et al., 2006;
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Table 3
Model performance for random forest models of individual taxa classified as highly motile (MSR: mean squared residuals, CV R2 : cross-validated R2 , RMSE: root mean
squared enor). Only taxa with RF model R2 > 0.05 are included. Model predictors are grouped by su-essor class and the top five model predictors (based on variable
impmtance plots) and their imponance ranking (value in parenthesis) are given. Description of environmental predictors is provided in Table 1. The directionality of
the relationship between RF model predictors (TP: total phosphorus, TN: total nitrogen, FINES: percent fine sediment) and predicted relative abundance of individual
taxa is given ("+" indicates a positive relationship, "complex" indicates on non-linear relationship).
Species

MSR

CV R2

RMSE

TP

TN

FINES

Water Quality

Sediments

Nitzschia wnphibia

0 .000 1

27.3%

0.008

+

+

+

TN(l)

FINES(S)

T,yblionella
hungarica

0.001

19.6%

0.003

+

+

+

COND( l ); TN

Nitzschia solita

0.000 1

Flow

Watershed

Disturbance

DIST(3)

FAST(S)

SLOPE(2); AREA
(4)
SLOPE(2)
SLOPE(3)

DIST(l)

DIST(4)

(3)

15.0%

0.002

+

+

+

TN(2)

FINES( 4); TSS
(5)

Nitzschia angustata

0.001

7.4%

0.001

+

+

+

Craticula cuspidata

0 .001

6.2%

0.002

+

+

Nitzschia frustulum

0.0003

5.9%

0.014

+

complex

TSS(l)

complex

TN(3); COND
(5)
TN(4)

+

TP(2)

FINES(3); TSS

RUNOFF

(5)

(1)

movement has also been detected in response to changes in sediment
moisture (Hopkins, 1966; Coelho et al., 2009) and oxygen content
(Eaton and Moss, 1966; Hudson and Legendre, 1987). Further, diatom
motility can be hindered in the presence of heavy metals (Cohn and

FAST(2)

AREA(2); SLOPE
(4)
SLOPE(3)

Wl_HALL(l); DIST
(4)
DIST(4)

McGuire, 2000; Gupta and Agrawal, 2007; Coquille et al., 2015). In
large-scale studies, TP is often an important predictor of the diatom
motility index (Porter et al., 2008, Lange et al., 2016; Munn et al., 2018)
and studies have demonstrated strong relationships between motility
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Fig. 7. Partial dependence plots for important environmental predictors for the random forest models developed for Nitzschia amphibia, Tryblio11ella hu11garica, and
Nitzschia solita using all sites. PTL: total phosphorus, NTL: total nitrogen, PCT_FN: strean1bed % fine sediment.

indices and phosphorus but not sediments (Black et al., 2011; Jones
et al., 2017; Waite et al., 2019). Fore and Grafe (2002) found that the%
highly motile taxa was significantly correlated to a multi-stressor hmnan
disturbance gradient, that included sediments, conductivity, and
amount of human disturbance. Using data collected as part of the same
nationwide survey as our study, Stevenson et al. (2008) developed
indices based on weighted average (WA) diatom responses to several
stressors, including streambed fine sediment. While most WA indices
were highly correlated to multiple stressors, the WA % fine sediment
index was the least precise and had the lowest fidelity to streambed fin e
sediment, responding to 7 of 8 stressors. The findings of our study lend
further support to the idea that tl1e utility of diatom motility indices is
confounded by the fact that diatoms may move in response to abiotic
and biotic factors beyond sediments.
Most relevant to our study, motility and nutrient availability seem to
be inextricably intertwined (Kelly et al., 2007; Wagenhoff et al., 2011;
Jones et al., 2014). For example, Passy (2007) found that low profile,
motile taxa are good competitors under nutrient enriched conditions
and documented higher abundance of motile diatoms with increasing
nutrient availability. Pringle (1990) also found increased proportion of
biraphids in response to nutrient additions to stream water and substrate. Experimental studies examining me effects of both nutrients and
sediments together have not consistently parsed the interaction of
sediment and nutrients on diatom motility. For example, in flowthrough stream mesocosms, Chase et al. (2017) found that % motile
taxa was influenced only by nutrients and not sediments, with no interactions between nutrients and sediments. In contrast, in a mesocosm
study examining the effects of nutrients, sediments, and temperature,%
motile taxa responded positively to sediments, but not nutrients, again

with no interaction between these two variables (Piggott et al., 2012).
However, Wagenhoff et al. (2013) found a synergistic, interactive effect
between nutrients and sediments, where % motile taxa increased witl1
sediments, but this effect was weakened at elevated nutrient concentrations. When we attempted to control for me effects of nutrients by
eliminating high TP sites from our RF models, fine sediment was still not
an important predictor of motile taxa. As motility in diatoms conveys an
advantage to several environmental variables that are often simultaneously associated with anthropogenic disturbance, a high abundance of
motile taxa might more accurately be viewed as reflective of the multistressor gradient associated with human disturbance rather than of
sediments alone.
We explored several ways to increase the utility of the diatom
motility trait for reflecting stream sediment condition through both
refining environmental gradients and the motility index itself. First, we
explored how more refined classification of diatom motility affected the
relationships between the motility index and environmental variables.
While RF models with strong predictive power were developed for all
four diatom motility indices, relationships between indices and environmental variables were strongest for the most restrictive motility
index (% highly motile) compared to the more inclusive indices that
encompass a broader definition of motility and tlrns a larger group of
taxa. Early motility indices, such as % biraphids, % Navicula (Molloy,
1992), and Bahls motility index (Bahls, 1993) based motility classification simply on the presence of the raphe on both diatom valves and
not the documented motility of a particular species. However, this
classification might paint too simple a picture as variable motility within
a genus has been documented (Dickman et al., 2005). In fact, tl1e more
inclusive indices often showed complex, non-linear responses to stressor
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have a bearing on diatom composition (Stevenson, 1997; Leland, 1995;
Leland and Porter, 2000). While we expected that geology groupings
would result in less variability in fine sediments within groups and that
less-erodible volcanic watersheds would have lower levels of fine sediments, this was not the case. Variability in fine sediments remained high
in both groups and sites with volcanic watersheds had higher levels of
both TP and streambed fine sediment compared to erodible, nonvolcanic watersheds, making it difficult to tease out the influence of
elevated sediments from elevated nutrients. Geology in the western USA
is complex and it is likely that our classification into volcanic and nonvolcanic watershed geologies is too simplistic to adequately capture how
geology impacts sediment and nutrient delivery to stream ecosystems.
For example, some volcanic rock-types can be more easily eroded than
some sedimentary rock-types (Moosdorf et al., 2018) and volcanic rocktypes vary in their mineral composition. Finally, while geomorphic
factors, such as watershed characteristics and stream size, will also influence sediment loads and sediment delivery, stratifying by watershed
size and slope and stream size only occasionally resulted in slight improvements to model performance, but did not improve relationships
between motility indices and streambed sediments. Our results provide
strong support to the findings of several other studies that have
demonstrated that diatom indices often respond to multiple stressor
gradients (Fore and Grafe, 2002; Potapova and Charles, 2007; Porter
et al., 2008; Black et al., 2011 ) and that it is often difficult to tease apart
the effects of individual stressors as they often co-vary in the environment and may result in interactive and synergistic effects (Biggs et al.,
1998; Wagenhoff et al., 2013; Piggott et al., 2015; Lange et al., 2016).
The lack of strong relationships between diatom motility indices and
in-stream sediment conditions may not be due sediments not being a
primary driver of diatom movement, but rather the result of how both
diatoms and strean1bed sediments are characterized in large-scale
stream condition surveys. While conceptually an increase in fine sediments should result in an increase in abundance of motile taxa, the lack
of relationship between fine sediments and the diatom motility index
may result from a mismatch between how strean1bed fine sediment was
characterized and periphyton samples were collected and the spatial
scale at which periphyton respond to sediments. The WEMAP protocol
employed a one-time field quantification of in-stream sediments,
quantifying sediment particle size at 5 locations (left bank, 25%-, 50%-,
75%-wetted width, right bank) along 11 transects across the sampling
reach (55 locations total; Kaufmann et al., 1999). Reach lengths in our
study ranged between 0.1 and 17.0 km (median = 0.15 km), so this
method might not be adequate to accurately characterize fine sediment
in large, more heterogenous reaches where sampling transects could be
over a kilometer apart. Surface fine sediments are highly variable in
riffle environments (Sutherland et al., 2010) and researchers have
advocated for estimates of 100-400 particles to adequately characterize
streambed fine sediment (Bunte and Abt, 2001; Faustini and Kaufmann,
2007). Sutherland et al. (2010) state that counting 200 particles may be
necessary to characterize stream reaches as defined by the WEMAP
sampling protocol. ln a study comparing the relationships between
periphyton assemblages generated by WEMAP and another large-scale
survey approach (USGS NAWQA), % fine sediment generated using
WEMAP methods were not always reflective of the dominant habitat
type as characterized by NAWQA (Weilhoefer and Pan, 2007), indicating that WEMAP characterization of sediment might not be adequate.
But even with more extensive characterization of streambed fine sediment, relationships between diatom motility indices and sediment variables are often lacking. The USGS NAWQA protocol, which employs
both more extensive field particle size counts and laboratory determination of finer sands and fine sediment, often doesn't result in strong
relationships between diatom motility indices and streambed sediments.
For example in studies employing the USGS NAWQA protocol, Bahls'
motility index did not relate to embeddedness or substrate type (Fitzpatrick et al., 1998), fine sediments were also not important predictors
for RF models developed for% motile taxa (Black et al., 2011), and fine

gradients, indicating a range of tolerances of taxa composing the index.
As diatom taxonomy and knowledge of individual taxa autecology has
increased, more refined motility classifications and indices have been
proposed (see Table II in Jones et al., 2014; Svensson et al., 2014; Jones
et al., 2017; Tyree et al., 2020; Spaulding et al., 2022). And while the
most refined motility index did result in RF models with the highest
predictive power in our study, indicating that a refinement of taxa
included in the motility index might lead to stronger index - stressor
relationships, fine sediment was still not an important predictor. To
explore this idea further, we examined the individual RF models of taxa
designated as highly motile based on the most updated motility classifications (Tyree et al., 2020). Of the six taxa with RF models with
pseudo-R 2 > 0.05, water quality and disturbance variables were more
important predictor variables than streambed fine sediment. These six
highly motile taxa are classified as both high nutrient taxa (Potapova
and Charles, 2007) and as having some degree of pollution tolerance
(Lange-Bertalot, 1979), again showing the difficulty in teasing out the
effects of nutrients and sediments on diatom motility and the likelihood
that the diatom motility trait responds to factors beyond sediments.
Beyond how diatom motility is defined for motility index construction, the broad environmental gradients covered by our dataset may
have influenced the lack of relationships between the diatom motility
index and fine sediments. We explored whether refinement of environmental gradients could increase the utility of the diatom motility trait
for reflecting stream sediment conditions. The data used in our study
was collected as part of the US EPA WEMAP, which employed a random
sampling design to generate a picture of stream condition in the western
USA but does not result in even coverage of all environmental gradients.
It covers a diverse geographic region, spanning complex natural gradients (e.g., climate, geology, stream size, etc.) that influence both background sediment loads and sediment delivery rates, and broad
anthropogenic stressor gradients. This environmental heterogeneity
may mask patterns in sediments contributed from disturbance when
data from the entire west are considered together. ln general, while it
sometimes resulted in slight model improvement, stratifying the dataset
by ecoregion, geology, watershed size, watershed slope, and stream size,
did not improve the relationship between the motility index and
streambed fine sediment. Ecoregion stratification has been used with
success in large-scale bioassessment studies to improve the ability of
biotic indices to detect disturbances (Paulsen et al., 2006; Potapova and
Charles, 2007; Tang et al., 2016) by refining natural gradients in climate
and land cover and also focusing human disturbance types. While
stratifying sites by ecoregion resulted in slight model improvement for
the MT ecoregion, the XE models performed slightly worse than those
developed for the entire dataset. The MT ecoregion is the most minimally disturbed by human activities, and thus ecoregion stratification
did result in a more homogeneous stream group than when all three
ecoregions are considered together. However, stratifying sites by ecoregion did not improve the relationships between diatom motility index
and strean1bed fine sediments, with water quality variables being top
predictors for XE sites and water quality and flow variables being top
predictors for MT sites. Strong relationships have been found between
diatom motility indices and fine sediments in mid-Appalachian streams,
a region highly impacted by human activities (Hill et al., 2001). Median
fine sediments were low at MT sites, and one could argue this as the
reason that fine sediment was not an important predictor in this RF
model. However, this was also true for XE sites, which have higher fine
sediment overall, indicating that the length of the sediment gradient
might not matter.
When sites were subset into erodible and less-erodible groups based
on watershed surficial geology, RF models developed for each group
performed similarly to those developed for the entire dataset and water
quality variables were still the most important predictor variables in RF
models for both erodibility classifications. Watershed geology influences
both sediment quantity derived from erosion and mineral composition
(Close and Davies-Colley, 1990; Johnson et al., 1997), both of which
12
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sediments were not an important predictor in the boosted regression
trees developed for% moderately to highly motile taxa in streams along
a land use gradient in the Piedmont ecoregion of southeastern USA
(Waite et al., 2019). Even with more extensive characterization of fine
sediment, it is possible that there is still a mismatch between how fine
sediment and periphyton are characterized in large-scale bioassessment
studies and the scale at which diatoms respond to sediments. The fact
that small-scale experiments are able to detect relationships between
diatoms and sediments (Piggott et al., 2015; Wagenhoff et al., 2013)
indicate that diatoms do in fact move in response to sediment
conditions.
Finally, the lack of relationship between diatom motility index and
streambed fine sediment might result from the way the diatom community was characterized. For most large-scale bioassessment studies,
diatom characterization uses the fixed-count method, where slides for
diatom enumeration are prepared by "cleaning" the sample with
concentrated acid to remove diatom cellular contents and organic
extracellular materials that obscure the fine detail of the siliceous cell
wall on which diatom taxonomy is based (Gillett et al., 2011). This
method, however, does not allow for diatom cells that were alive during
the time of sample collection to be distinguished from cells that were
dead. In streams, dead diatoms may be resident taxa that have recently
died and still reflect recent environmental conditions, or taxa that were
deposited from upstream and thus subject to different environmental
conditions. The inclusion of both live and dead diatoms in diatom
enumeration may result in inaccurate characterization of species
composition, under or over estimation of indices based on species
abundance, and spurious index-environmental relationships (Pryfogle
and Lowe, 1979; Wilson and Holmes, 1981; Round, 1998; Gillett et al.,
2009). The proportion of dead diatom cells can be high and depends on
habitat (Owen et al., 1978; Wilson and Holmes, 1981 ). The proportion of
dead diatom cells in samples collected for WEMAP was highly variable
among sites (range 3.0 - 97.9%) but overall, high (mean 65.5%) (Gillett
et al., 2011 ). And while a smaller-scale study using WEMAP field
collection methods determined that the diatom assemblages generated
from fixed counts and counts of only living diatoms were similar overall
(mean Bray-Curtis similarity = 72.4%; Gillett et al., 2009), the effects on
traits-based index calculation have not been examined. Experimental
work examining the relationship between sediments and motility
indices using "uncleaned" diatom samples have produced mixed results,
with sediment additions significantly influencing motility index in some
studies (Piggott et al., 2015) but not others (Chase et al., 2017). More
work is needed to determine the influence of diatom enumeration
technique on the behavior of the diatom motility index.
Our results show that the relationships between the diatom motility
trait and fine sediments are complex. Most of the cited literature are
observational studies designed not to specifically examine how sediments impact diatom motility. There is a need for more well-designed
field manipulative studies to pinpoint possible cause-and-effect relationships between sediments and motility and to identify key confounding variables for these relationships.
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